Embryonic stem (ES) cells have indefinite self-renewal ability and pluripotency, and can provide a novel cell source for tissue engineering applications. In this study, a murine CCE ES cell line was used to derive hematopoietic cells in a 3-D fibrous matrix. The 3-D matrix was found to maintain the phenotypes of undifferentiated ES cells as indicated by alkaline phosphatase (ALP) activity and stage specific embryonic antigen-1 (SSEA-1) expression. In hematopoietic differentiation, cells from 3-D culture exhibited similar cell cycle distribution and SSEA-1 expression to those in the initial cell population. The Oct-4 expression was significantly down-regulated, which indicated the occurrence of differentiation, although the level was slightly higher than that in Petri dish culture. The expression of c-kit, cell surface marker for hematopoietic progenitor, was higher in the 3-D culture, suggesting a better-directed hematopoietic differentiation. Cells in the 3-D matrix tended to form large aggregates associated with fibers. For large-scale processes, a perfusion bioreactor can be used for both maintenance and differentiation cultures. As compared to the static culture, a higher growth rate and final cell density were resulted from the perfusion bioreactor due to better control of the reactor environment. At the same time, the differentiation capacity of ES cells was preserved in the perfusion culture. The ES cell culture in the fibrous matrix thus can be used as a 3-D model system to study effects of extracellular environment and associated physico-chemical parameters on ES cell maintenance and differentiation.
Introduction
Odorico 2000). Although adult stem cells can be isolated from various types of tissues such as adipose Embryonic stem (ES) cells are derived from the inner tissue and bone marrow (Zuk et al. 2001; Martin et al. cell mass of the blastocyst stage of the mammalian 2001), these cells have a finite capacity for self-reembryo, and are able to self-renew and to differennewal and low telomerase activity, indicating early tiate, theoretically, into all tissue types (Wobus 2001) .
senescence (Zandstra and Nagy 2001) . For example, ES cell differentiation is also a good model system to hematopoietic stem cells (HSC) are scarce in bone study the function of various genes in the early stage marrow and cord blood, and their self-renewal ability of development by 'gain of function' and 'loss of is limited in ex vivo expansion culture (McAdams et function' analysis (Guan et al. 1999; Filippi et al. al. 1996) . In contrast, ES cell-derived hematopoietic 2000). Since human embryonic stem cells were first stem / progenitor cells (HSC / HPC) could be, in isolated (Thomson et al. 1998) , the potential of ES principle, created in unlimited amounts, thus increascells for applications in tissue engineering and cell ing the availability of HSC for the treatment of therapy has become promising (Thomson and hematologic disorders. The derivation of various types of hematopoietic cells and HSC capable of longThe objectives of this work were to develop a term hematopoietic reconstitution can be achieved perfusion bioreactor for 3-D culturing of ES cells and using mouse ES cells (Hole 1999) . Most recently, to study the effects of 3-D fibrous matrix on ES cell hematopoietic colony-forming cells were derived maintenance, expansion, and hematopoietic differenfrom human ES cells, suggesting their potential utility tiation. In this study, a 3-D culture system was emin producing universal hematopoietic cells for transployed to maintain undifferentiated ES cells and to plantation (Kaufman et al. 2001) .
induce differentiation along a hematopoietic lineage. Currently, interest is high in using ES cells for
We hypothesized that the extracellular environment tissue engineering, cell therapy, and other clinical created by 3-D fibrous scaffolds would affect ES cell applications. Culturing of ES cells for their maintegrowth and differentiation. The analysis of marker nance, expansion, and directed differentiation is the expression along the developmental pathway of ES first critical step in the development of ES cell lines cells is required to investigate phenotypically definfor these clinical applications. Most work to date, able cell lineages (Ling and Neben 1997 ; Shamblott et however, has employed non-adhesive Petri dishes or al. 2001) . Murine ES cells express stage-specific conventional two-dimensional (2-D) tissue culture embryonic antigen-1 (SSEA-1), alkaline phosphatase surfaces. However, tissue engineering usually uses a (ALP) and the transcription factor Oct-4 when they three-dimensional (3-D) culture environment, which are maintained in the undifferentiated state. Thus, has been found to play a key role in regulating cell ALP, SSEA-1, and Oct-4 can be used as cell markers proliferation, differentiation and long-term tissue defor the state of culture differentiation or undifferentiavelopment (Ma et al. 2000; Li et al. 2001a) . The 3-D tion. The expression of these proteins is down-regtissue scaffold also provides a larger specific surface ulated when differentiation is induced biochemically. area for cell adhesion and growth, and reduces contact
The expression of c-kit and the case of a functional inhibition normally found in 2-D monolayer culture.
colony assay can be used to define early hematoThe concept of '3D-matrix adhesion' was introduced poietic lineage differentiation. c-kit is the receptor for recently, demonstrating the importance of three-distem cell factor (SCF) and expressed on hematomensionality in tissue culture (Cukierman et al.
poietic stem cells and progenitors (Ling and Neben 2001) . Three-dimensional scaffolds can provide the 1997). In this study, the expression of these markers template for the selective differentiation into a speunder 3-D culturing conditions was studied and comcific lineage. Using mesenchymal progenitors from pared with 2-D cultures. The effects of culturing bone marrow, chondrogenic and osteogenic differenconditions on growth kinetics and cell cycle distributiation was regulated on a 3-D poly(lactic-co-glycolic tion were also studied. Finally, a perfusion fibrous acid) / poly(ethylene glycol) (PLGA / PEG) foam bioreactor was used for ES cell maintenance and (Martin et al. 2001) . In general, more in vivo-like differentiation. culture environments can facilitate the desired differentiation from embryonic stem cells. The co-culture of mouse ES cells with OP9 stromal cell line Materials and methods (derived from mice) induced hematopoietic differentiation (Nakano 1996; Kaufman et al. 2001) . The
Culture and medium co-culture of rat ES cells with differentiated 3-D brain cell aggregates enhanced neuronal cell differentiation Murine CCE ES cell line was obtained from StemCell (Pardo and Honegger 2000) . Finally, the co-culture of Technologies, Inc. (Vancouver, Canada) (Robertson murine ES cells with murine fetal osteoblasts imet al. 1986; Keller et al. 1993) . ES cells were mainproved the derivation of osteoblast lineage tained on gelatin-coated T25-flasks. Maintenance progenitors (Buttery et al. 2001 ). These studies demmedium consisted of Dulbecco's Modified Eagle's onstrated that the extracellular environment has critiMedium (DMEM) supplemented with 15% fetal cal effect on stem cell differentiation; however, very bovine serum (FBS), 100 U / ml penicillin, 100 mg / ml little has been done for ES cell culture in a 3-D tissue streptomycin, 0.1 mM non-essential amino acids, 2 scaffold. A scalable bioprocess also needs to be mM L-glutamine (StemCell Technologies, Inc.), 100 developed for the controlled differentiation from ES mM monothioglycerol (Sigma) and 10 ng / ml cells and for future cell manufacturing (Zandstra and leukemia inhibitory factor (LIF, StemCell TechNagy 2001).
nologies, Inc.). For hematopoietic differentiation, the medium was composed of Iscove's modified Dulbecwith 2 ml of the differentiation medium. For 3-D cos's medium (IMDM) supplemented with 15% FBS differentiation, 600-30,000 cells were inoculated into for differentiation, 5 ng / ml of thrombopoietin (Tpo), the tissue culture wells containing PET matrices and 25 ng / ml of flt-3 / flk-2 ligand (FL) (Tpo and FL were the maintenance medium overnight to allow cell from R&D Systems, Minneapolis, MN), 2 mM Lattachment or retention in the matrix. Matrices conglutamine and 100 mM monothioglycerol.
taining cells were then transferred to new wells with 2 ml of the differentiation medium. All cultures were Static cell culture incubated in a humidified CO -incubator (37 8C, 2 100% humidity, 5% CO , 95% air) for 6-7 days. For 2 Seeding cultures were prepared by trypsinizing ES maintenance culture, medium was completely cells grown in a gelatin-coated T25-flask before 15 changed at day 3, 4 and 5. For differentiation culture, passages to make a cell suspension containing 0.5-5 1 ml of the medium was changed at day 6 to minimize 6 3 10 cells / ml. Each well containing sterile nonnutrient exhaustion. Media samples were taken at woven polyethylene terephthalate (PET) matrices various intervals for glucose and lactate determination (prepared as described previously, Li et al. 2001b) to monitor the metabolic activity of cells. Parallel was inoculated with a known amount of cells (|3 3 control experiments with 2-D PET films were also 5 10 ) and then incubated in a CO incubator for |60 conducted in the maintenance culture. Unless other-2 min to allow for cell attachment to the fibrous matrix. wise noted, all experiments were repeated 2-3 times The PET matrices containing attached cells were then and the representative data are reported herein. transferred to a new 24-well plate (each well contained 2 ml of the maintenance medium) to begin the Cell culture in a perfusion bioreactor cell culture kinetics study. Seeding efficiencies of |30% were attained for fibrous matrices studied by Figure 1 shows the bioreactor (dimension: 2.5 cm in this seeding procedure. For hematopoietic differentiainner diameter and 9.8 cm in length) system used in tion, 35 mm non-adherent Petri dish was used as the this study, which is similar to the one reported previstandard 2-D culture since it was commonly used in ously (Ma et al. 1999) . The bioreactor was connected previous studies (Zandstra et al. 2000) . A graded to a medium recirculating tank (400 ml), which series of 600-10,000 cells was inoculated into dishes housed pH and dissolved oxygen (DO) probes. Cells were seeded into PET fibrous matrix (dimension: 7 3 (Sigma) in 96-well plates. The optical density was 3.5 3 0.1 cm) and incubated for 24 hours in a COmeasured at 405 nm in a micro-plate reader (Biotek 2 incubator as described above. Scaffolds containing 312E). The protein content of samples was deteradherent cells were then placed horizontally in the mined using Bio-Rad protein assay to estimate the bioreactor chamber. The culture medium (working specific ALP activity. volume: 150 ml) was pumped through the chamber in Cell cycle analysis: Cells were fixed with 70% cold the direction parallel to the cell matrix at the flow rate ethanol for more than 2 hours. They were then stained of | 3 ml / min. The bioreactor temperature was with propidium iodide (PI) (0.02 mg / ml, in PBS) maintained at 37 8C and the pH was controlled in the staining solution containing 0.1% Triton X-100 and physiological range of 7.2-7.4 by adjusting the CO RNase A (0.2 mg / ml). Cell fluorescence was mea-2 scan rate into the culture medium recirculating tank, which sured using FACS (Becton Dickinson, San Jose, was agitated with a magnetic stirrer at an appropriate CA) and the DNA content frequency histogram was speed (50 -100 rpm). The air was fed into the analyzed using software ModFit (Verity Software headspace of the medium-recirculating tank to adjust House Inc., Topsham, ME). the dissolved oxygen level at 20% oxygen tension. Before each run, the oxygen probe was calibrated at
Cytological assessment 0% and 20% O by saturating media with pure 2 nitrogen gas or air, respectively. To start the cell Matrix with cells was fixed in 70% cold ethanol for 30 culture in the bioreactor, the matrix pre-seeded with min and embedded in paraffin. Cross sections (7 mm ES cells was put in the bioreactor. The bioreactor thick) were cut through the center of the scaffolds. system containing either the maintenance or differenSections were stained with hematoxylin and eosin tiation medium was then operated in a batch mode for (H&E), and examined under a light microscope (ECone week. About half or one-third of the medium LIPSE TE200, Nikon, Japan). were removed and replaced with fresh medium aseptically after approximately 4-5 days. Medium samples Colony-forming unit assay for glucose and lactate measurements were taken 5 aseptically from sampling ports and stored in a 280 About 1.5 3 10 cells were added to 4 ml of methyl-8C freezer until analysis. Cellular samples for cytocellulose-containing medium. This medium was suplogical assessment, colony-forming unit assay and plemented with human growth factors, IL-3 (20 ng / cell number determination were taken from the bioml), SCF (50 ng / ml), Epo (3 IU / ml) and GM-CSF reactor that was removed from the system at the end (30 ng / ml) in 0.5 ml of IMDM containing 2% FBS, of each culturing period.
10 IU / ml penicillin, 10 mg / ml streptomycin, and 1 mM L-glutamine (StemCell Technologies, Inc.). The Analytical methods supplemented medium (1.1 ml) was added to 35 mm scored Petri dishes. Triplicate dishes were prepared
Concentrations of glucose, lactate and cell number:
for each cell concentration. The Petri dishes were Glucose and lactate concentrations in the medium placed in a 5% CO incubator at 37 8C for 10 days 2 samples were analyzed using YSI Biochemistry Select after which the number of colonies was determined by Analyzer (Yellow Spring, OH). The cell number was manual counting. estimated from either direct cell counts using a hemocytometer after trypsinizing the cells from the Immunophenotyping of SSEA-1 and c-kit surfaces of the culture flasks or matrices, or total protein content determined by Bio-Rad assay. CaliAdherent cells in 3-D matrices were examined using bration between the cell number and the total protein immunocytochemistry and with confocal microscopy. content was obtained using bovine serum albumin as Briefly, cell-matrix constructs were rinsed in cold the standard, and it was found that each ES cell PBS and fixed in 4% paraformaldehyde (PFA) for 15 contained about 165 pg protein.
min at room temperature. After being rinsed in the Alkaline phosphatase (ALP) assay: Cells on 2-D blocking buffer (PBS 1 5% Horse Serum), samples films and 3-D matrices were lysed with 0.1% Triton were incubated with anti-mouse SSEA-1 (1 : 50, De-X-100. Briefly, 2-5 3 10 cells were washed in PBS conmeans 6 standard deviation. Statistical analysis was taining 0.5% BSA and 2 mM EDTA. One microliter carried out using Student's t test for the comparison of of human FcR blocking reagent was added to prevent two groups with a minimal significance of P , 0.05. nonspecific binding.Various antibodies including antimouse SSEA-1 and c-kit (Pharmingen, San Diego, 6 CA) were also added at 20 ml / 10 cells, followed by 60 min incubation at 4 8C. After washing, the samples were incubated with goat anti-mouse IgG-FITC secondary antibody for another 30 min. The isotype control was prepared in the same procedure incubated with IgG-FITC only (Pharmingen). After washing, cells were fixed in 2% PFA and then analyzed on a scan FACS (Becton Dickinson) with CellQuest software.
Western blotting for Oct-4
Culture samples were rinsed with PBS and then lysed in a solution containing 1% Triton X-100, 120 mM sodium chloride, 25 mM HEPES (pH 7.4), 1 mM phenylmethylsulfonyl fluoride, 10 mg / ml leupeptin, 10 mg / ml aprotinin, and 10 mg / ml antipain. Cell extracts were incubated at 4 8C for 30 min and then centrifuged at 12,000 rpm for 10 min. An appropriate amount of supernatant determined by protein assay was solubilized in 5 X SDS-PAGE buffer (1 X 5 68 mM Tris-HCl, pH 6.8, 5% b-mercaptoethanol, 2% SDS, and 10% glycerol) and boiled for 5 min. Protein samples (30 mg per 5-10 ml) were fractionated on a 10% SDS-polyacrylamide gel, transferred to nitrocellulose filters, and incubated in Tris-buffered saline, 0.2% Tween-20, and 5% nonfat milk (BLOTTO). Nitrocellulose filters were then incubated with antirabbit Oct-4 or anti-mouse GAPDH polyclonal antibody (1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Secondary antibody incubation with per- maintained at high levels in both the 3-D and 2-D cultures. In contrast, cells lost their ALP activity upon culturing in the differentiation medium, which also can be seen in Figure 2C . The cell-matrix constructs were processed using H&E staining to study cell morphology and organization in the 3-D PET matrix. As can be seen in Figure  3 , ES cells formed large aggregates associated with the fibers. Also, almost all cells in the aggregates were 1 SSEA-1 , reflecting the undifferentiated phenotype ( Figure 3B ). It was also observed that the 3-D culture yielded a higher final cell number than the 2-D culture resulting from a larger surface area for growth. This also permitted larger inocula to be used. The specific growth rate and cell doubling time were estimated from the initial and final cell numbers in each of the culturing system, and the results are given in Table 1 . In maintenance medium, undifferentiated ES cells grew at about the same rate with similar lactate yields from glucose (|2.0 mol / mol) in both the 2-D and 3-D culture systems. The average doubling time for the maintenance cultures was |35 hours.
Hematopoietic differentiation
Differentiation of ES cells in conventional 35-mm Petri dishes was examined over 6 days under different decreased with the inoculation number. The total CFU in maintenance medium to keep cells in the undifincreased initially up to a maximum and then deferentiated state. The metabolic activity as indicated creased ( Figure 4B ), indicating that there might be an by changes in the glucose and lactate concentrations optimum plating number for total CFU production. in the culture medium are shown in Figure 2 . The For differentiation in 3-D culture, the final cell numglucose concentration quickly dropped to |2.0 g / L ber increased with inoculation number ( Figure 4C ). with the inoculation number. Total CFU increased glucose consumption increased rapidly, especially initially and then reached a plateau ( Figure 4D ). The after 3 days, from |0.01 g / L / h to |0.1 g/L/h ( Figure  3 -D culture system also gave a similar final cell 6 2B). The metabolic rate was higher in 2-D culture number, but a higher number of CFU per 10 cells before day 4, but was surpassed in 3-D culture by day than the 2-D culture method. The specific growth rate 6. Cell associated ALP activity was measured to and cell doubling time were estimated from the initial examine the maintenance of undifferentiated cells as and final cell numbers in each of the culturing system. shown in Figure 2C . The specific ALP activity was As shown in Table 1 , ES cells grew at about the same Note: The matrix volume for the static culture was 0.12cm and the final cell density in the matrix was 30.4 3 10 per cm for the maintenance (GAPDH) expression. As can be seen in Figure 5 , a high level of specific Oct-4 expression was observed in the initial population, but it decreased to a barely detectable level after 7 days in differentiation medium. SSEA-1 expression, measured by flow cytometry, decreased from 89% in the initial cell population to 60% at day 7. Cell cycle distribution also changed. Initially, about 68% of the cell population was in the S-phase and about 20% in the G1 / G0 phase. After 7 days of culture in differentiation medium, the percentage of cells in the S-phase decreased to about 41%, while the cells in the G1 / G0 phase increased to about 48%. The remaining 12% of cells was in G2 / M phase. Undifferentiated ES cells lack a G1 checkpoint and they spend most of their time in S phase (Smith 2001) . The decrease in S phase cells thus indicated the exit from cell cycle and possible differentiation. However, the expression of essentially unchanged at |34%. Apparently, the current culture procedure in Petri dish induced the rate in both the 2-D and 3-D culture systems, with an spontaneous differentiation but not or little hematoaverage doubling time of |20.3 hours. Compared to poietic differentiation. the maintenance culture, the apparently faster growth
The hematopoietic differentiation in the 3-D culture rate for the differentiation culture could be attributed exhibited different expression levels of various to the lower initial cell density and different growth markers as compared with the 2-D suspension culture. factors used in the culture.
For the static culture in the 3-D fibrous matrix, Expression of cell markers after 7 days of culture in changes in Oct-4 expression and cell cycle distribudifferentiation medium were studied ( Table 2 ). The tion after 7-day culturing indicated occurrence of cell 4 inoculum number was 10 cells. For the 2-D culture, differentiation, but the changes were not as dramatic both ALP and Oct-4 expression decreased quickly as in the 2-D culture. The cell cycle distribution for (Table 2) , indicating rapid in vitro differentiation. The the 3-D culture was similar to the initial cell populaexpression of Oct-4 was normalized to tion, although the 3-D culture exhibited a significantly glyceraldehyde-3-phosphate dehydrogenase down-regulated level of Oct-4 expression. Surprising- ly, SSEA-1 and c-kit expressions in the 3-D culture tion. The higher expression of c-kit in the 3-D culture were at unexpectedly high levels, about 94-98% and suggested a better-directed hematopoietic differentia-80%, respectively. Both were much higher than those tion. Other markers such as telomerase also can be in the 2-D culture. It was reported that SSEA-1 used to determine the differentiation status of emexpression showed kinetic decrease with differentiabryonic stem cells. It has been reported that the tion time up to 11 days in suspension culture (Ling activity of telomerase was high in undifferentiated and Neben 1997). The lack of decrease in SSEA-1 embryonic stem cells but was low in fully differenexpression in the 3-D system was unexpected, and the tiated adult cells (Xu et al. 2001 ). function of SSEA-1 was not totally clear. SSEA-1 is a It should be noted that the flow cytometry for c-kit lactoseries oligosaccharide antigen (Draper et al.
expression assay was subjected to a relatively large 2002). Although it is highly expressed in undifferenvariation because the intensity of c-kit staining was tiated murine ES cells, it is negative for undifferenclose to the background. In repeating the same diftiated human ES cells and its expression is upreguferentiation culture experiments, consistent SSEA-1 lated when human ES cells become differentiated expression levels were obtained while the c-kit ex- (Draper et al. 2002) . Nevertheless, the significant pression levels were recorded at lower levels, from decrease in Oct-4 expression revealed the differentia-12-17% for the 2-D culture and 17.5% to 19% for the tion in the 3-D system. Oct-4 is a germline transcrip-3-D culture. The lower c-kit level could be a result of tion factor and serves as a key regulator of totipotency the low level in the initial cell population, although (Pesce et al. 1999) . The expression of Oct-4 prevents this was not determined in this set of experiments. the differentiation of ES cells and the events that Assuming the initial c-kit level was close to the lowest down regulate Oct-4 trigger ES cells into differentiavalue recorded (|12%), the c-kit expression level in the 3-D system increased by about 50%, while there was a minimum increase for the 2-D culture. A longer differentiation time may be required to reveal the developmental process. The results observed in this study clearly indicate different differentiation mechanisms in the 3-D system and the 2-D suspension culture.
ES cell culture in a perfusion bioreactor
The accelerated metabolic rate of ES cells in longterm culture limits the use of conventional static cultures. It has been reported that improved supply of oxygen and nutrients in a spinner flask culture system significantly improved the endothelial differentiation as compared to the Petri dish suspension culture (Wartenberg et al. 1998) . To study the maintenance and expansion of undifferentiated ES cells in the bioreactor, the matrix was seeded at the density of 1.6 6 3 3 10 cells / cm in the bioreactor and cultured in the maintenance medium. The glucose consumption and lactate production were monitored ( Figure 6A ). The glucose concentration decreased continuously and the consumption rate increased from |0.0128 to |0.0181 g/L/h. The lactate was produced continuously and the production rate increased from |0.006 to |0.014 g/L/h. The lactate production yield was constant at 1.68 mol / mol, lower than that in the static culture was determined and compared with the static culture ( Table 1) . A higher final cell density was obtained in higher final cell density was also resulted in the 10 cells / cm ). The specific growth rate was |0.57 / cm ) ( Table 1 ). The specific growth rate was also day, which was higher than that in the static culture at higher in the bioreactor than in the static culture. similar initial cell density (0.45 / day). The higher Again, the large difference in the growth rate between growth rate in the perfusion bioreactor was attributed the maintenance and differentiation cultures could be to the better controls on pH, DO, and nutrient supplies attributed to the different growth factors and different in the system. initial cell density used in the studies. To study ES cell differentiation in the bioreactor, CFU assay was used to detect the differentiation the matrix was seeded at a low cell density of 1.2 3 potential of the cultured ES cells after one week. A 5 3 6 10 cells / cm and cultured in the differentiation similar number of CFU per 10 cells was found for medium. Similarly, the glucose consumption and both bioreactor and static cultures (Table 1) . It should lactate production were examined ( Figure 6B ). The be mentioned that the colony assay itself cannot metabolic rate was low at the early stage of the culture differentiate the nonhematopoietic cells that are able but accelerated in the late stage of the culture. The to grow in clusters resembling hematopoietic colonies glucose consumption rate increased 4-fold from the (Kaufman et al. 2001) . The evidence of hematopoietic initial 0.005 g / L / h to 0.023 g/L/h. The lactate yield differentiation in this study was not strong, and furfrom glucose was kept constant at 1.48 mol / mol, ther studies of different cell marker expressions, which was much lower than that in the static culture including c-kit, are needed. The ES cell organization (2.01 mol / mol). Compared to the static culture, a within the matrix after one-week culturing in both optimized. In the 3-D scaffold design, the surface property should be considered. We compared the spontaneous differentiation (without LIF, TPO and FL) on a tissue culture treated polystyrene (PS) surface with a gelatin coating (DG) and a non-tissue 9A). Consistently, the percentage of SSEA-1 also From both propidium iodide (PI)-stained confocal decreased upon differentiation (from 88% to 75%), images and H&E-stained histological images shown and it decreased more under Dsus condition (70%) in Figure 7 . It is clear that ES cells tend to form large ( Figure 9B ). Thus, the surface characteristics affected aggregates among the fibers, similar to the ES cell differentiation. It has been reported that culturing colonies or embryonic bodies in 2-D culture (Figure human ES cells on a laminin coated surface with a 8). However, the spatial distribution of different feeder layer conditioned medium removed the rephenotypes of cells in the aggregates needs to be quirement of the feeder layer by undifferentiated cells further investigated to differentiate those aggregates (Xu et al. 2001) . Clearly, both integrin and ECM as ES colony or structured embryonic body. Also, the played important roles in the ES cell culture. size distribution under different culture conditions It is known that the components in the differentiaworth future investigation. tion medium might affect embryonic stem cell development (Wiles and Johansson 1999) . In this study,
Factors affecting ES cell differentiation
we achieved only partial differentiation as indicated 1 by more than 60% SSEA-1 cells still present in the There are many factors known to affect ES cell 7-day cultures. It has been reported that the culture differentiation, including the surface property of the with simple removal of LIF is not sufficient to optitissue scaffold and growth factors in the medium. The mize the differentiation process, although it can alter differentiation process used in this study has not been the possibility of a cell choosing a self-renewal or a differentiation division (Zandstra et al. 2000 ; Smith phenotypes of undifferentiated ES cells were main-2001). The cocktail of growth factors thus needs to be tained as indicated by ALP activity and SSEA-1 optimized. In addition to TPO and FL, the effect of expression in both 2-D and 3-D culturing environother cytokines such as SCF (stem cell factor) on ments. ES cell differentiation was also induced in the hematopoietic differentiation also needs to be evaludifferentiation medium; however, 3-D culture seemed ated. Other medium components present in the hemato give a better-directed hematopoietic differentiation, topoietic differentiation medium used in this study as indicated by the higher level of c-kit expression. also need to be further optimized.
The final cell density was also improved using a In studying hematopoietic differentiation, we used perfusion bioreactor with the maintenance of differena liquid mass culture instead of 'hanging drop' tiation potential. Therefore, the ES cell culture in the (Wobus 2001) or methylcellulose culture (Hole 1999) 3-D matrix can be used as a model system to study method in order to adapt the culture procedure to the effects of extracellular environment and associated 3-D system. It was reported that these three methods physico-chemical parameters on ES cell maintenance reached similar maximum cell number per EB and and differentiation. Theoretically, hematopoietic stem had similar kinetics of hematopoietic development cells can be derived from ES cells in an unlimited (Dang et al. 2002) . Alternatively, the culture could be amount using the perfusion bioreactor with a 3-D inoculated with the dissociated cells from the prematrix; however, further studies to optimize the proformed embryonic body, rather than the undifferencess are necessary. tiated cells, onto the 3-D matrix. The effects of medium composition, exchange rate, hydrodynamic force, oxygen tension and pH on ES cell differentia
